Seasonal recycling of nutrients is an important strategy for deciduous perennials. Deciduous perennials maintain and expand their nutrient pools by the autumn nutrient remobilization and the subsequent winter storage throughout their long life. Phosphorus (P), one of the most important elements in living organisms, is remobilized from senescing leaves during autumn in deciduous trees. However, it remains unknown how phosphate is stored over winter. Here we show that in poplar trees (Populus alba L.), organic phosphates are accumulated in twigs from late summer to winter, and that IP 6 (myo-inositol-1,2,3,4,5,6-hexakis phosphate: phytic acid) is the primary storage form. IP 6 was found in high concentrations in twigs during winter and quickly decreased in early spring. In parenchyma cells of winter twigs, P was associated with electron-dense structures, similar to globoids found in seeds of higher plants. Various other deciduous trees were also found to accumulate IP 6 in twigs during winter. We conclude that IP 6 is the primary storage form of P in poplar trees during winter, and that it may be a common strategy for seasonal P storage in deciduous woody plants.
Introduction
Phosphorus (P) is an essential element for plant growth, but the availability of P to plants in soil is quite limited (Schachtman et al. 1998 ). P fertilizer is therefore indispensable in agriculture, but global phosphate reserves are being depleted. There are fears that P ore for fertilizer may run out within a century, creating what has been called the 'phosphate crisis' (Abelson 1999, Herrera-Estrella and López-Arredondo 2016) . To mitigate or avoid this potential crisis which has serious implications for the sustainability of human society, it is important to investigate ways of reducing the requirements of agricultural plants for applied phosphate. Wild plants have well developed mechanisms for internal recycling of phosphate, often involving seasonal storage in permanent tissues. P remobilization from older to younger developing tissues has been extensively investigated in annual plants (Biddulph et al. 1958 , Mimura et al. 1996 , Fujii et al. 2005 , Chiou et al. 2006 , Lin et al. 2009 ). In the case of annual plants, internal P is finally remobilized to seeds for the next generation. Internal P is also seasonally recycled in perennial plants such as trees. In deciduous trees, previous studies have shown that various nutrients including P are withdrawn from senescing leaves during autumn, in order to maintain a storage pool for further growth in the next year, and to prevent the loss of nutrients as a consequence of leaf fall (Chapin and Kedrowski 1983 , Keskitalo et al. 2005 , Vergutz et al. 2012 , Brant and Chen 2015 . These stored nutrients significantly contribute to the new growth of the following year. On the other hand, residual nutrients, which are not remobilized from leaves, can be ecologically recycled through litter. However, decomposition and re-mineralization of the litter are necessary before these nutrients become available to plants. Zeller et al. (2000) reported that about 2% of the original litter N was accumulated in beech trees during 3 years in a beech forest.
The internal recycling of other macronutrients such as nitrogen (N) and sulfur (S) has been well investigated (Cooke and Weih 2005 , Millard and Grelet 2010 , Rennenberg et al. 2010 , Herschbach et al. 2012 ). In the case of Populus, bark storage proteins (BSPs), which are a specific class of vegetative storage proteins, are the main storage form of N during winter. BSPs are stored in protein storage vacuoles (PSVs) of perennial tissues (Cooke and Weih 2005) . In spring, BSPs are degraded and amino acids are transported and utilized by the new growing tissues. In sessile oak [Quercus petraea (Matt.) Liebl.], remobilized N contributed approximately 90% of total N in new growing shoots during the first 2 weeks following bud burst (El Zein et al. 2011 ). This regulation of nutrient translocation in deciduous trees is quite different from grasses in which P remobilized from old tissues is immediately reused in new growth.
In the case of P, approximately 80% of the P content of the leaf was shown to be remobilized during autumn senescence in the deciduous tree Populus tremura (Keskitalo et al. 2005) . In Populus alba, we previously reported that approximately 75% of inorganic and 60% of water-soluble organic leaf phosphate measured in May was remobilized by November (Kurita et al. 2014) . Nutrient remobilization is a conserved mechanism in many species, and the mean P resorption efficiency (percentage of the leaf P pool resorbed) can be about 50% in deciduous shrubs and trees (Aerts 1996) . This P is probably stored in woody tissues and/or buds during winter. In poplar wood, it is known that ray cells are the main storage parenchyma for carbon and nitrogen. The three major storage structures (PSVs, lipid bodies and starch grains) were found in xylem ray cells in 3-year-old twigs during late autumn (Sauter and van Cleve 1994) . However, the mechanisms of internal P recycling and storage during winter in woody plants are poorly understood (Rennenberg and Herschbach 2013) .
In seeds of flowering plants, P is stored as IP 6 (myo-inositol-1,2,3,4,5,6-hexakis phosphate: phytic acid) (Raboy et al. 2001) . IP 6 in seeds is contained in electron-dense structures, so-called globoids, located in PSVs (Tanaka et al. 1973 , Bohn et al. 2007 ). Food chemists have also shown that roots and tubers (cassava, potatoes, etc.) contain moderate amounts of IP 6 , where it presumably acts as a P reservoir (Samotus and Schwimmer 1962, Ravindran et al. 1994) . On the other hand, in deciduous taiga trees, P is reportedly stored in buds and retained stems during winter as phospholipids, non-hydrolyzable esters and nucleic acids, with negligible amounts of IP 6 (Chapin and Kedrowski 1983) . Very recently, Netzer et al. (2017) also reported the P nutrition of European beech (Fagus sylvatica L.), and revealed that organic P increased and mostly contributed to total P in the bark and wood during dormancy.
The aim of this study was to clarify the tissue locations for winter storage of P and the molecular form in which it is stored, and finally to consider the improvement of P economy in plants against the 'phosphate crisis'. From the preceding studies above, we hypothesized that P could be stored as organic P (Po) in perennial tissues during the winter. To test this hypothesis, annual changes of Po and inorganic phosphate (Pi) were measured in twigs in P. alba. Then, the storage tissues and intracellular localization during winter were identified by electron microscopic observation and elemental analysis. Finally, the winter storage form of P was identified. A comparison is also presented of the IP 6 profiles of twigs of deciduous and evergreen trees.
Results
Seasonal changes in inorganic and organic phosphates in poplar twigs.
Levels of inorganic and water-soluble organic phosphate (Pi and Po, respectively) in twigs of two field-growing poplar trees (Populus alba) were measured over 2 years ( Fig. 1) . Pi levels were high in summer ($25 mmol g -1 DW), and gradually decreased during autumn. In winter, Pi levels remained low ($5 mmol g -1 DW), and increased again in spring. In contrast, Po levels gradually increased from summer to winter, reaching approximately 20 mmol g -1 DW in December, and rapidly declined in early spring to approximately 4 mmol g -1 DW. Changes in phosphate levels were similar between 1-year-old twigs and new twigs, and in the two individual trees.
Existence of globoid-like structures in winter twigs.
In cells of seeds in flowering plants, P is stored inside PSVs as electron-dense structures called globoids (Tanaka et al. 1977) . Our preliminary electron microscopic observations showed that globoid-like structures exist in cells of the Japanese pagoda tree (Sophora japonica L.) in winter. In electron micrographs of crosssections of new twigs of poplar collected in January, ray cells were filled with PSVs, lipid bodies and starch grains ( Fig. 2A, B) . Furthermore, many highly electron-dense globoid-like structures were observed inside PSVs in xylem ray cells (Fig. 2C ). These structures were also observed in phloem parenchyma cells, parenchyma cells in the perimedullary zone and axial parenchyma cells in xylem ( Supplementary Fig. S1 ). In June, lytic vacuoles were observed instead of PSVs in ray cells, and the globoid-like structures were absent ( Fig. 2D, E) . The elemental composition of the globoid-like structure was analyzed by energy dispersive X-ray spectrometry analysis (EDXS). P and oxygen, which are the components of IP 6 (C 6 H 18 O 24 P 6 ), were strongly detected in globoidlike structures and co-localized with various cations (Ca, Mg, Pb, Zn, Na and K), although the cation species varied in each globoidlike structure ( Fig. 3 ; Supplementary Fig. S2 ).
Seasonal changes in IP 6 in poplar twigs
In globoids in seeds of flowering plants, most P is stored as IP 6 which is capable of chelating various cations (Raboy 2003 , Bohn et al. 2007 ). IP 6 is also well known as phytic acid. We therefore postulated that IP 6 might be the seasonal P storage compound in poplar twigs. IP 6 in extracts of winter twigs was measured by ion chromatography, and a clear peak was detected close to the retention time of the IP 6 standard ( Fig. 4A ). To confirm whether these peaks were really derived from IP 6 , samples were treated with phytase which hydrolyzes inositol phosphates to inositol and inorganic phosphates. This treatment resulted in the disappearance of the sample peak attributed to IP 6 (Fig. 4A) . Furthermore, we confirmed the presence of IP 6 in autumn twigs with 1 H-and 31 P-nuclear magnetic resonance (NMR) spectroscopic measurements (Fig. 5) . Spring twigs contained less IP 6 compared with autumn twigs measured with 31 P-NMR spectroscopy, although absolute quantitative comparison was difficult in this measurement ( Supplementary Fig.  S3 ). IP 6 levels in twigs showed the same seasonal pattern as Po levels in twigs (Figs. 1, 4B) . In new twigs flushed in that spring, IP 6 levels gradually increased from June to December, and amounted to approximately 7-8 mmol g -1 DW. During the early spring, IP 6 levels in 1-year-old twigs decreased sharply to <1 mmol g -1 DW in April. Thereafter, IP 6 levels increased again to almost the same level as in new twigs. IP 6 accumulation during winter occurred in both xylem and phloem ( Supplementary Fig. S4 ).
Such seasonal changes in IP 6 accumulation (lower content in spring and higher content in winter) were also confirmed using a shortened annual cycle system, which we have recently developed for laboratory experiments ( Supplementary Fig. S5 ) (Kurita et al. 2014) .
On the other hand, lipid P, which is typical of non-watersoluble Po, increased slightly from summer to winter ( Supplementary Fig. S6 ). However, the amount of lipid P in February (3.3 mmol g -1 DW) was one-tenth of the amount of IP 6 (43 mmol g -1 DW, when considered as Pi equivalents) or less. Water-soluble Po was also less than IP 6 , which may simply reflect the lower solubility of some IP 6 -metal complexes. Although IP 6 is soluble when bound to monovalent cations, it is known that IP 6 is insoluble in neutral or less acidic solutions when bound to divalent cations such as Ca 2+ . To confirm whether IP 6 accumulation for winter storage also occurs in other tree species, IP 6 in new twigs, harvested in February, was measured in various deciduous and evergreen trees (Fig. 6) . In deciduous trees, the level of IP 6 was high (1.8-0.9 mmol g -1 DW), but it was much lower in evergreen trees (0.4-0.1 mmol g -1 DW).
Discussion
IP 6 reaches the highest in level in twigs of P. alba during winter. IP 6 is known to act as a storage for P in seeds of flowering plants, where it accumulates in PSVs in electron-dense globoids. In poplar twigs, IP 6 levels gradually increased from summer to winter, and it was suspected that this IP 6 was formed from P remobilized from senescing leaves during autumn (Kurita et al. 2014) . Since the number of trees measured in the field was limited, we have used laboratory-grown P. alba (Kurita et al. 2014) to confirm whether a similar accumulation of IP 6 occurs in winter. These experiments showed that similar seasonal changes in IP 6 accumulation in twigs or stems occurred in both field-grown and laboratory grown-plants ( Supplementary Fig. S5 ). Accumulation of IP 6 had already started before August (Fig. 4) . During autumn in 2012 and 2013, leaf coloration had started from October and all the leaves had fallen by the end of December, although the timing of leaf fall is different in each leaf. In a previous study which used the same tree (Tree A) from 2010 to 2011, phosphate contents in leaves of P.alba were kept high until August, and then started to decrease to November (Kurita et al. 2014 ). This indicates that poplar trees begin to store excess P in twigs before phosphate remobilization from leaves in autumn. On the other hand, since the increase in IP 6 from September is consistent with the P remobilization during leaf senescence, it is expected that the remobilized P also contributed to the winter P storage (see Kurita et al. 2014) . During winter, P accumulated in electron-dense structures (globoid-like structures) in PSVs together with various cations (Ca, Mg, Zn, Na, K, etc.) in xylem and phloem parenchyma cells in twigs (Figs. 2, 3 ; Supplementary Figs . S1, S2). These localizations coincide with the IP 6 accumulation in xylem and phloem of twigs ( Supplementary Fig. S4 ). Most parenchyma tissues in stem probably have the ability to store P during winter. In spring, IP 6 levels in twigs rapidly decreased and, by June, these globoid-like structures could no longer be observed in twigs (Figs. 2, 4) . From these results, it was concluded that in the deciduous plant, P. alba, P is principally stored as IP 6 in woody tissue over winter.
During winter, IP 6 was also detected in twigs of some other deciduous species (Zelkova serrata, Acer palmatum and Hydrangea macrophylla) (Fig. 6) , suggesting that this may be a common strategy in woody deciduous species. Nevertheless, there is a difference between P. alba and the other deciduous trees in IP 6 storage levels. The poplar trees used in this study are growing in a field in Kyoto University; the other trees are growing in a campus of Kobe University on the mountainside of Mt. Rokko. Although it is generally expected that the nutritional condition is poorer on a mountainside than in the field, further investigation would be necessary to determine whether this difference is due to a tree species-specific reason or the nutritional condition of the habitat. In contrast, in two evergreen species that were sampled, IP 6 occurred at much lower concentrations in winter twigs. In deciduous plants, nutrient remobilization occurs from leaves to woody tissues for storage prior to abscission. On the other hand, in evergreen plants, it is known that nutrient resorption occurs from older or senescing leaves to younger leaves (Fife et al. 2008, Brant and Chen 2015) . This difference in lifestyle and winter storage strategies between deciduous and evergreen plants could be the result of the lower concentration of IP 6 in evergreen twigs. Further observations are necessary to establish whether the seasonal change in IP 6 levels is a widespread phenomenon.
Inositol polyphosphates are known to play important roles in cellular regulation of plant cells (Tan et al. 2007 , Sheard et al. 2010 , Wild et al. 2016 , similar to the roles of IP 3 and IP 4 in animal cells (Hatch and York 2010) . Thus the metabolic pathway for IP 6 synthesis is thought to be common in all plant cells (Raboy 2009 , Raboy 2003 . Genes of enzymes for IP 6 synthesis are expressed in cells other than those of seeds (Sweetman et al. 2006) , and moderate amounts of IP 6 can be detected in various tissues (Samotus and Schwimmer 1962 , Ravindran et al. 1994 , Hadi Alkarawi and Zotz 2014 . This indicates that most plant cells, including cells in vegetative tissues, can synthesize IP 6 . Deciduous trees have probably acquired the ability to utilize IP 6 for seasonal storage of P.
On the other hand, during vegetative growth in spring and summer, Pi was abundant in both poplar twigs (Fig. 1) and leaves (Kurita et al. 2014) . In herbaceous plants, it is known that excess Pi is stored in the vacuole to maintain cytoplasmic Pi homeostasis (Mimura, 1995) . This mechanism is probably common to poplar species during vegetative period. On the other hand, during winter, IP 6 was abundant in twigs. Such conversion from Pi to IP 6 confers an osmotic advantage on plant cells for storing P, because IP 6 contains six atoms of P per molecule. Additionally, the stability of the insoluble crystal structure of globoids may be suited to long-term storage. For a long time it has been known that bacteria, fungi and algae store P as polyphosphates, but land plants do not. IP 6 and Pi may be a common molecule for P storage in most plant cells.
Winter accumulation of IP 6 in deciduous trees adds a new dimension to the terrestrial P cycle. In soil, P is presents in various chemical forms, i.e. soluble inorganic, less soluble inorganic (metal binding), enzymatically utilizable organic and less utilizable organic phosphates. Most plants can utilize Pi derived from the first three forms (Schachtman et al. 1998) . It has been proposed that in many soils, IP 6 is the major component of Po. However, plants have only a limited ability to obtain P directly from IP 6 (Richardson et al. 2001) . It is generally considered that IP 6 in soils originates from plants, especially seeds , but the results presented here indicate that a significant fraction may actually be derived from the decay of trees and fallen branches.
To avert a P crisis in agriculture, we need to examine closely strategies for optimizing P use and recycling. These may include genetic modification of plants with better efficiency for phosphate use and a higher capacity for internal recycling of P, in parallel with more efficient mining of the P ore, industrial recovery from human activities, such as sewage treatment plants, etc. Trees have one of the largest biomasses in the ecosystem, and consequently are also a large reservoir of P. It is therefore important to understand how trees manage internal P, both during growth and when they die. The discovery of IP 6 as a seasonal storage reservoir in deciduous trees is a major step in that direction.
Materials and Methods

Plant materials
New twigs that sprouted in the current year and 1-year-old twigs of white poplar (Populus alba L.) were collected between 13:30 and 14:300 h from March 2012 to February 2014, from a field at Uji campus of Kyoto University. . Since it was difficult to judge the age of twigs from H, macrophylla, twigs were collected within 10 cm from the shoot apex.
The fresh weight of each sample was measured immediately after collection, and then their dry weights were recorded after freeze-drying. Samples were frozen in liquid nitrogen and stored at -20 C until measurements.
Extraction and measurement of inorganic and organic phosphates
Freeze-dried twigs were cut into small pieces, and then pulverized by either a homogenizer (SH-48, KURABO) or a Multi-Bead Shocker (MB601KU, Yasui Kikai Co.). Pi and Po were extracted in pure water and measured as described previously (Kurita et al. 2014) . In brief, Pi was measured directly by the molybdenum blue method, while total P was measured by the molybdenum blue method after degradation of Po by potassium persulfate oxidation. Po was then calculated by subtracting the Pi value from the total P value.
Extraction and measurement of IP 6
Homogenized dry twigs were diluted with 2.4% HCl. After 30 min on ice, the homogenate was centrifuged at 20,400 Â g for 10 min at 4 C. The supernatant was boiled for 100 in at 98 C, and centrifuged at 20,400 Â g for 10 min at 4 C. The supernatant was then filtered through a 5.0 mm Ultrafree centrifuge filter (UFC30SV00, Millipore) at 5,000 Â g for 3 min at 4 C. The filtrate was again filtered using an Amicon Ultra Centrifugal Filter (UFC501096, Millipore) at 5,000 Â g for 60 min at 4 C. Extract solutions were diluted with H 2 O to make HCl levels 0.48%.
IP 6 was measured by ion chromatography (DX-500, DIONEX) (Mitsuhashi et al. 2005 ) using 25 ml of extract diluted with 0.48% HCl. IP 6 in samples was calculated based on a standard curve of phytic acid dodecasodium salt hydrate (SIGMA P0109, minimum 90%).
Phytase treatment
Phytase treatment of samples was performed using a modification of the procedure described previously (Mitsuhashi et al. 2005) . Phytase (SIGMA P-1259) solution (50 g l -1
) or the same amount of water was added to 20 ml of authentic IP 6 (100 mM) or IP 6 extracts from new twigs (86 mM) collected in February. After incubation for 5 h at 55 C, sample solutions were diluted with 0.96% HCl to make HCl levels 0.48%. Sample solutions were boiled for 15 min at 98 C, and centrifuged at 15,000 r.p.m. for 10 min at 4 C. The supernatant was filtered through a 5.0 mm Ultrafree centrifuge filter at 7,400 r.p.m. for 3 min at 4 C. The filtrate was again filtered through an Amicon Ultra Centrifugal Filter at 7,400 r.p.m. for 60 min at 4 C. This phytase treatment completely degraded the native IP 6 .
NMR analysis
Samples for NMR measurements were prepared as follows. After extraction with 2.4% HCl as mentioned above, the volatiles of the supernatant before filtration were evaporated using a rotary evaporator, then dried in vacuo (<1 mmHg) for 30 min. The pH of the residue obtained was increased by addition of 0.4% NaOH in D 2 O (0.7 ml) and vortexed. The suspension was centrifuged (15,000 Â g) for 10 min. It was confirmed by 31 P-NMR analysis that the supernatant contained negligible amounts of IP 6 . The pellet was treated with 14% NaOH in D 2 O (0.7 ml). The mixture was vortexed and centrifuged (15,000 Â g) for 10 min. The supernatant was directly subjected to 1 H-NMR and 31 P-NMR analyses without further dilution 
Extraction and measurement of phospholipids
Dry twigs were homogenized in 3.8 ml of methanol/chloroform/H 2 O (2 : 1 : 0.8) solution using a vortex mixer for 30 s. After 2 min at room temperature, the homogenate was centrifuged at 1,000 Â g for 10 min at room temperture. Chloroform (1 ml) was added to the supernatant. The mixture was homogenized again by vortexing for 30 s, and centrifuged at 1,000 Â g for 10 min at room temperature. The bottom layer was collected and evaporated under nitrogen. The residue was dissolved in 1 ml of methanol/chloroform (5 : 95) solution. The mixtures were applied to a Sep-Pak Plus Silica column (WAT020520, Waters) pre-washed with 3 ml of methanol. After washing with 5 ml of methanol/chloroform (5 : 95) solution, 5 ml of methanol/chloroform (4 : 1) solution was added to the column. The eluted solution was collected and evaporated under nitrogen. The residue was dissolved in H 2 O. Lipid P was measured by the molybdenum blue method after degradation by potassium persulfate oxidation.
Electron microscopy and energy dispersive X-ray spectrometry analysis
Twigs were cut into small pieces ($2 Â 2 Â 1 mm 3 ) in 20 mM potassium dihydrogen phosphate buffer, pH 7.2. These pieces were chemically fixed in 3.5% glutaraldehyde in phosphate buffer overnight at 4 C. After being washed with phosphate buffer, samples were fixed with 1% OsO 4 with phosphate buffer overnight at 4 C. Samples were again washed with phosphate buffer, dehydrated in an ethanol series and embedded in Spurr's resin. The ultra-thin sections (90 nm) were cut with a diamond knife. Sections were stained with uranyl acetate and lead citrate, and observed in a transmission electron microscope (H-7100, Hitachi Co.).
For EDXS analysis, post-fixation with OsO 4 was omitted from the chemical fixation steps because Os disturbs the detection of elemental P. Semi-thin sections (200 nm) were cut with a diamond knife, and analyzed with a JEOL JEM-2100 F equipped with a JEOL JED-2300 T EDX system.
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